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Stimulation of platelets and other non-excitable cells with agonists results in an increase in the intracellular free Ca 2ϩ concentration ([Ca 2ϩ ] i ), which consists of two components: Ca 2ϩ release from internal stores and Ca 2ϩ entry through plasma membrane channels (1) . Store-mediated Ca 2ϩ entry (SMCE), 1 a mechanism modulated by the filling state of Ca 2ϩ stores, is an important mechanism for Ca 2ϩ influx in nonexcitable cells (2) . Although the mechanism involved in the activation of this pathway is still not clearly described, and shows significant differences between cell types (see Ref. 3) , recent studies suggest that secretion-like coupling is the most likely model to explain the mechanisms underlying SMCE in several cell types (4 -7), including human platelets (8) . This model proposes a reversible trafficking and coupling of proteins in the endoplasmic reticulum and the plasma membrane (4, 5, 8) . In human platelets we have recently provided evidence of coupling between the type II IP 3 receptors in the endoplasmic reticulum and hTRP1 channels in the plasma membrane, stimulated by depletion of the intracellular Ca 2ϩ stores and reversed by their refilling (9) . In previous studies we have reported the involvement of several proteins in the secretion-like coupling-mediated Ca 2ϩ entry in platelets and other non-excitable cells, including Ras proteins and tyrosine kinases, such as the cytoplasmic protein pp60
src (6, 10, 11) . It is well known that platelet activation results in a dramatic increase in tyrosine kinase activity. Especially important is the activation of proteins of the Src family, which are highly expressed in human platelets (12) , suggesting an important role for these kinases in response to stimulation events. A role for pp60 src in the activation of SMCE has been proposed on the basis of the reduction of SMCE observed in transgenic mice with no expression of this protein (13) , the correlation between store depletion and pp60 src activation, as well as the effect of pp60 src inhibitors, such as PP1 (6, 10) . In addition, store depletion induces pp60 src translocation to the newly polymerized actin cytoskeleton upon stimulation in different cell types (6, 10) , a process that has been shown to be important for interaction with its possible substrates (14) .
Reactive oxygen species (ROS), including H 2 O 2 , have recently been presented as intracellular messengers required for the activation of a large number of signal transduction mechanisms, especially those mediated by tyrosine kinases (15, 16) . In this context, a large number of physiological agonists have been reported to stimulate H 2 O 2 production in several cell types (17, 18) , including human platelets (19, 20) . ROS stimu-late tyrosine phosphorylation by the activation of several kinases, such as proteins of the mitogen-activated protein kinase pathway, JAK, and proteins of the Src family (21, 22) ; however, the nature of the mechanism involved in this process remains unknown.
We report here that depletion of the intracellular Ca 2ϩ stores by TG plus Iono or platelet activation with thrombin results in H 2 O 2 production. This mechanism is responsible for the activation of pp60
src by a PKC-dependent pathway, which is independent of rises in [Ca 2ϩ ] i . H 2 O 2 production and subsequent pp60 src activation are required for agonist-and store depletioninduced activation of SMCE but not for its maintenance in human platelets.
EXPERIMENTAL PROCEDURES
Animals and Materials-Adult male Swiss mice were obtained from the Animal Farm, Faculty of Veterinary, UEX, Spain. Fura-2 acetoxymethyl ester (fura-2/AM), 5-(and-6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA) and calcein AM were from Molecular Probes (Leiden, The Netherlands). Apyrase (grade VII), aspirin, bovine serum albumin, thrombin, HISTOPAQUE-1119, HISTOPAQUE-1077, dimethyl bis-(o-aminophenoxy)-ethane-N,N, NЈ,NЈ-tetra-acetic acid (BAPTA) acetoxymethyl ester, catalase, phenylmethylsulfonyl fluoride, leupeptin, benzamidine, 3-amino-1,2,4-triazole, thapsigargin (TG) and ionomycin (Iono) were from Sigma. Collagenase CLSPA was obtained from Worthington Biochemicals. GF 109203X, Ro-31-8220, 2-aminoethoxydiphenylborate (2-APB), mannitol, trolox and cytochalasin D (Cyt D) were from Calbiochem (Madrid, Spain). (Tyr  416 ) antibody, anti-IP 3 R type II polyclonal antibody (C-20), horseradish peroxidase-conjugated donkey anti-goat IgG antibody and horseradish peroxidase-conjugated goat anti-rabbit IgG antibody were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-hTrp1 polyclonal antibody was obtained from Alomone Laboratories (Jerusalem, Israel). Protein A-agarose was from Upstate Biotechnology Inc. (Madrid, Spain). Enhanced chemiluminescence detection reagents were from Pierce (Cheshire, UK). All other reagents were purchased from Panreac (Barcelona, Spain). Inactive catalase was denatured by treatment with 3-amino-1,2,4-triazole as previously described (23) .
Platelet Preparation-Fura-2-loaded platelets were prepared as described previously (8) . Briefly, blood was obtained from healthy volunteers and mixed with one-sixth volume of acid/citrate dextrose anticoagulant containing (in mM): 85 sodium citrate, 78 citric acid, and 111 D-glucose. Platelet-rich plasma was then prepared by centrifugation for 5 min at 700 ϫ g and aspirin (100 M) and apyrase (40 g/ml) added. Platelet-rich plasma was incubated at 37°C with 2 M fura-2/AM for 45 min. For loading with dimethyl BAPTA, cells were incubated for 30 min at 37°C with 10 M dimethyl BAPTA AM. Cells were then collected by centrifugation at 350 ϫ g for 20 min and resuspended in HEPESbuffered saline (HBS) containing (in mM): 145 NaCl, 10 HEPES, 10 D-glucose, 5 KCl, 1 MgSO 4 , pH 7.45 and supplemented with 0.1% w/v bovine serum albumin and 40 g/ml apyrase.
Cell viability was assessed using calcein and trypan blue. For calcein loading, cells were incubated for 30 min with 5 M calcein-AM at 37°C, centrifuged, and the pellet was resuspended in fresh HBS. Fluorescence was recorded from 2 ml aliquots using a Shimadzu Spectrophotometer (Shimadzu, Japan). Samples were excited at 494 nm and the resulting fluorescence was measured at 535 nm. After treatment for 5 min with 10 M H 2 O 2 cells were centrifuged and resuspended in fresh HBS. The calcein fluorescence remaining in the cells was the same as in control, suggesting that under our conditions there was no cellular damage. The results obtained with calcein were confirmed using the trypan blue exclusion technique. 95% of cells were viable after treatment with 10 M H 2 O 2 , similar to that observed in our resting platelet suspensions, at least during the performance of the experiments. Treatment with catalase had no effect on cell viability.
Preparation of Isolated Pancreatic Acinar Cells and Leukocyte Separation-Animals were sacrificed by cervical dislocation, the pancreas was rapidly removed and the acinar cells were isolated as described previously (6) . Briefly, the pancreas was incubated in the presence of collagenase for 5-10 min at 37°C under gentle agitation. The enzymatic digestion of the tissue was followed by gently pipetting the cell suspension through tips of decreasing diameter for mechanical dissociation of the acinar cells. After centrifugation, cells were resuspended in HBS supplemented with 1% (w/v) trypsin inhibitor, 1% (v/v) vitamin mixture, and 1% (v/v) amino acid mixture. In experiments performed in Ca 2ϩ -free medium cells were resuspended in HBS containing 0.2 mM CaCl 2 and 500 M EGTA was added at the time of experiment. Peripheral blood leukocytes were obtained by gradient density centrifugation using HISTOPAQUE-1119 and -1077 Medium (63) and cells were then resuspended in HBS. Cell viability, monitored with trypan blue, was always greater than 95%, and this was not significantly reduced by drugs at least for the duration of these experiments.
Intracellular ROS Production through the Oxidation of CM-H 2 DCFDA-CM-H 2 DCFDA is a ROS-sensitive probe that can be used to detect ROS production in living cells. It passively diffuses into cells, where its acetate groups are cleaved by intracellular esterases, releasing the corresponding dichlorodihydrofluorescein derivative. CM-H 2 DCFDA oxidation yields a fluorescent adduct, dichlorofluorescein (DCF) that is trapped inside the cell (24) . Cells were incubated at 37°C with 10 M CM-H 2 DCFDA acetyl ester for 30 min, then centrifuged and the pellet was resuspended in fresh HBS. Fluorescence was recorded from 2-ml aliquots using a Shimadzu Spectrophotometer (Shimadzu, Japan). Samples were excited at 488 nm, and the resulting fluorescence was measured at 530 nm. ROS production after treatment of cells with different agents was quantified as the integral of the rise in DCF fluorescence for 5 min after the addition of the agent.
Immunoprecipitation-500-l aliquots of platelet suspension (2 ϫ 10 9 cell/ml) were lysed with an equal volume of lysis buffer, pH 7.2, containing 316 mM NaCl, 20 mM Tris, 2 mM EGTA, 0.2% SDS, 2% sodium deoxycholate, 2% Triton X-100, 2 mM Na 3 VO 4 , 2 mM phenylmethylsulfonyl fluoride, 100 g/ml leupeptin, and 10 mM benzamidine. Aliquots (1 ml) were then immunoprecipitated by incubation with 2 g of anti-hTrp1 polyclonal antibody and protein A-agarose overnight at 4°C. Immunoprecipitates were resolved by 8% SDS-PAGE, and Western blotting was performed as described in the next section.
Western Blotting-Platelet stimulation was terminated by mixing with an equal volume of 2ϫ Laemmli's buffer (25) with 10% dithiothreitol followed by heating for 5 min at 95°C. One-dimensional SDS electrophoresis was performed with 10% SDS-PAGE, and separated proteins were electrophoretically transferred, for 2 h at 0.8 mA/cm 2 , in a semidry blotter (Hoefer Scientific, Newcastle, Staffs, UK) onto nitrocellulose for subsequent probing. Blots were incubated overnight with 10% (w/v) bovine serum albumin in Tris-buffered saline with 0.1% Tween 20 (TBST) to block residual protein binding sites. Blocked membranes were then incubated with the anti-phospho-c-Src (Tyr
416
) antibody diluted 1:1500 in TBST for 1 h or with anti-hTrp1 antibody diluted 1:200 in TBST or anti-IP 3 RII diluted 1:500 in TBST for 3 h. The primary antibody was removed and blots washed six times for 5 min each with TBST. To detect the primary antibody, blots were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibody or horseradish peroxidase-conjugated donkey anti-goat IgG antibody, diluted 1:10000 in TBST, washed six times in TBST, and exposed to enhanced chemiluminescence reagents for 1 min. Blots were then exposed to photographic films and the optical density was estimated using scanning densitometry.
Measurement of Intracellular Free Calcium Concentration ([Ca 2ϩ ] i )-Fluorescence was recorded from 2-ml aliquots of magnetically stirred cell suspensions (10 8 cells/ml) at 37°C using a Fluorescence Spectrophotometer (Varian Ltd., Madrid, Spain) with excitation wavelengths of 340 and 380 nm and emission at 505 nm. Changes in [Ca 2ϩ ] i were monitored using the fura-2 340/380 fluorescence ratio and calibrated according to the method of Grynkiewicz et al. (26) . Ca 2ϩ entry in TG plus Iono-or thrombin-treated cells was estimated using the integral of the rise in [Ca 2ϩ ] i for 2.5 min after addition of CaCl 2 (8) . TG plus Iono-and thrombin-induced Ca 2ϩ release were estimated using the integral of the rise in [Ca 2ϩ ] i for 5 min after its addition.
Measurement of F-actin Content-The F-actin content of resting and activated platelets was determined according to a previously published procedure (10) . Briefly, washed platelets (2 ϫ 10 8 cells/ml) were activated in HEPES-buffered saline. Samples of platelet suspension (200 l) were transferred to 200 l of ice-cold 3% (w/v) formaldehyde in phosphate-buffered saline (PBS) for 10 min. Fixed platelets were permeabilized by incubation for 10 min with 0.025% (v/v) Nonidet P-40 detergent dissolved in PBS. Platelets were then incubated for 30 min with fluorescein isothiocyanate-labeled phalloidin (1 M) in PBS supplemented with 0.5% (w/v) bovine serum albumin. After incubation the platelets were collected by centrifugation for 60 s at 3000 ϫ g and resuspended in PBS. Staining of 2 ϫ 10 7 cells/ml was measured using a Shimadzu Spectrophotometer. Samples were excited at 496 nm and emission was at 516 nm.
Statistical Analysis-Analysis of statistical significance was per-formed using Student's t test. For multiple comparisons, one-way analysis of variance combined with the Dunnett test was used.
RESULTS

Kinetics and Concentration Dependence of the Ability of Hydrogen Peroxide to Activate pp60
src in Human Plateletspp60 src activation was analyzed by Western blotting using a rabbit polyclonal anti-phospho-c-Src (Tyr 416 ) antibody, which only detects pp60 src phosphorylated at Tyr 416 , a process indicative of pp60 src activation (27) . Treatment of human platelets with 10 M H 2 O 2 caused rapid activation of the Src family tyrosine kinase pp60 src . As shown in Fig. 1A , pp60 src activation was detectable 1 min after treatment with H 2 O 2 and reached a maximum within 2 min with an increase of 2.19 Ϯ 0.15-fold and was maintained for 5 min. At later exposure times pp60 src activation decreased such that it was closer to basal values 10 min after H 2 O 2 addition (Fig. 1A , n ϭ 4). In addition, the effect of H 2 O 2 on pp60 src activation was concentration-dependent ( Fig. 1B) . After treatment of platelets for 5 min with H 2 O 2 a detectable increase in pp60 src activity was observed at 1 M, the effect was half maximal at 1.98 M and maximal at 100 M (Fig.  1B , n ϭ 5).
Intracellular Mechanisms Involved in H 2 O 2 -induced Activation of pp60
src -H 2 O 2 has been shown to induce activation of PKC and mobilization of intracellular Ca 2ϩ in different cell types, including platelets (18, 19, 28, 29, 30) . To determine whether PKC activation might be involved in mediating H 2 O 2 -induced pp60 src activation, we examined the effect of the PKC inhibitor GF 109203X (31 ] i induced by 0.5 units/ml thrombin (data not shown); however, BAPTA loading did not modify either basal pp60
src activity (no shown) or H 2 O 2 -induced activation (Fig, 2) , suggesting that this phenomenon is independent of increases in [Ca 2ϩ ] i . Consistent with the above, the combination of dimethyl BAPTA loading and treatment with GF 109203X had similar effects to GF 109203X alone ( Fig. 2 )
Effect of Cytochalasin D on H 2 O 2 -evoked pp60
src ActivationRecent studies have reported that proteins of the Src family of tyrosine kinases associate with the actin cytoskeleton upon stimulation, an event that is essential for tyrosine phosphorylation of their substrates (14, 32) . Previous studies in platelets have shown that pp60 src association with the actin cytoskeleton depends on actin filament polymerization (10) . Treatment of human platelets for 5 min at 37°C with 10 M H 2 O 2 increases the actin filament content by 7% (n ϭ 10). To investigate whether actin polymerization is required for pp60 src activation by H 2 O 2 we tested the effect of Cyt D, a widely utilized membrane-permeant inhibitor of actin polymerization, which binds to the barbed end of actin filaments (33) . As shown in Fig. 3 , treatment of platelets for 40 min with 10 M Cyt D, conditions that abolish actin polymerization in platelets (34), significantly inhibited H 2 O 2 -induced pp60 src activation by 85% (p Ͻ 0.01; n ϭ 6), which confirms previous studies suggesting that association with the actin cytoskeleton is essential for the activity of pp60 src (6, 35) . ROS Generation Induced by Thrombin or Store Depletion by TG ϩ Iono-The amount of intracellular ROS was estimated using CM-H 2 DCFDA, which is sensitive to H 2 O 2 generation (24) . As shown in Fig. 4A , treatment of human platelets with 0.5 units/ml thrombin resulted in a rapid increase in the DCF fluorescence, reaching a maximum after 2 min of treatment. To investigate whether Ca 2ϩ release through the IP 3 receptors is necessary for H 2 O 2 production by thrombin we examined the effect of 2-APB, a functional antagonist of IP 3 receptors that has been shown to inhibit thrombin-induced Ca 2ϩ mobilization in platelets (36) . Treatment of human platelets with 2-APB (100 M) for 10 min at 37°C reduced thrombin-induced H 2 O 2 production. In cells treated with 2-APB, thrombin-evoked increases in DCF fluorescence was reduced by 16 (Fig. 4A) . The effect of the amount of ROS generated by thrombin or TG ϩ Iono on the DCF fluorescence was similar to that induced by 100 M of H 2 O 2 , which is in agreement with previous studies suggesting that physiologically relevant H 2 O 2 concentrations are around 5-200 M (39). Pretreatment of human platelets for 10 min at 37°C with 300 or 1000 units/ml catalase prevented any increase in the DCF fluorescence induced by the addition of 1 mM H 2 O 2 and inhibited both thrombin-and TG ϩ Iono-induced H 2 O 2 generation (Fig. 4B) .
In Catalase Inhibits pp60 src Activation Stimulated by TG ϩ Iono and Thrombin-Recent studies have reported that tyrosine kinases of the Src family associate with the platelet cytoskeleton upon stimulation with thrombin or TG, a process that is important for phosphorylation of their substrates (10, 14, 32) . In addition, activation of human platelets with thrombin results in a transient activation of pp60 src (40) . To investigate the possibility that H 2 O 2 generation is required for the activation of pp60 src , by treatment with TG ϩ Iono or thrombin, we tested the effect of catalase, an enzyme that activates the decomposition of H 2 O 2 into water and oxygen (41) . Our results indicate that treatment of human platelets with 300 units/ml catalase did not modify the resting pp60 src activity but abolished 10 M H 2 O 2 -induced pp60 src activation ( Fig. 5A ; p Ͻ 0.01; n ϭ 4). Treatment of platelets with 1 M TG plus 50 nM Iono or 0.5 units/ml thrombin increased the pp60 src activity by 241.5 Ϯ 14.6% and 254.0 Ϯ 6.4%, respectively (Fig. 5, B and C) . This effect was significantly inhibited by platelet preincubation for 10 min at 37°C with catalase 300 units/ml (Fig. 5 , B and C; p Ͻ 0.01; n ϭ 5), suggesting that H 2 O 2 generation is required for the activation of pp60 src by store depletion using TG ϩ Iono or thrombin.
Effect of Catalase on the Activation of TG ϩ Iono-and Thrombin-induced SMCE-To determine whether H 2 O 2 produced by store depletion using TG ϩ Iono or thrombin is required for the activation of SMCE we examined the effect of catalase. In a Ca 2ϩ -free medium, treatment of human platelets with 1 M TG plus 50 nM Iono resulted in a prolonged increase in [Ca 2ϩ ] i due to Ca 2ϩ release from intracellular stores. The subsequent addition of Ca 2ϩ (500 M) to the external medium induced a sustained elevation in [Ca 2ϩ ] i indicative of SMCE (Fig. 6A) . Pretreatment of human plate- lets for 10 min at 37°C with different concentrations of catalase decreased SMCE in a concentration-dependent manner (Fig. 6A ). In addition, treatment with catalase did not modify the response to TG ϩ Iono, which indicates that this treatment did not affect the ability of platelets to store Ca 2ϩ in intracellular compartments. However, complete inhibition of TG ϩ Iono-induced H 2 O 2 production by 300 or 1000 units/ml catalase reduced Ca 2ϩ entry by 55% ( Fig. 6A; platelets for 10 min at 37°C with 300 units/ml catalase significantly reduced thrombin-evoked Ca 2ϩ entry by 37.4 Ϯ 3.9 ( Fig.  6B ; p Ͻ 0.001; n ϭ 6).
The effect of catalase on SMCE in human platelets was confirmed in other two unrelated cell types, mouse pancreatic acinar cells and human peripheral blood leukocytes. As shown in Fig. 4B , treatment of pancreatic acinar cells or peripheral blood leukocytes with 1 M TG plus 50 nM Iono resulted in H 2 O 2 production that was abolished by previous addition of catalase (300 units/ml). Treatment of either pancreatic acinar cells or peripheral blood leukocytes for 10 min with 300 units/ml catalase significantly reduced SMCE induced by treatment with TG ϩ Iono by 29.6 Ϯ 1.6 and 46.3 Ϯ 2.6%, respectively (Fig. 6,  C and D; p Ͻ 0.001; n ϭ 6 -7) .
We further examined whether the effect of catalase is reversible by using two different protocols: platelets were either treated with catalase and then stimulated with TG ϩ Iono followed by the simultaneous addition of H 2 O 2 (1 mM) and Ca 2ϩ to initiate SMCE (Fig. 6E ) or cells were incubated with catalase, then washed and then stimulated with TG ϩ Iono followed by the addition of Ca 2ϩ (Fig. 6F) . Following both protocols our results indicate that the effect of treatment with catalase is mostly reversible by restoration of H 2 O 2 (where Ca 2ϩ entry was 92.9 Ϯ 0.5% of control non-treated cells) or removal of the enzyme (Ca 2ϩ entry was 113.5 Ϯ 14.1% of control non-treated cells). In addition, these findings confirm that the effect of catalase was mediated by decomposition of H 2 O 2 .
In order to investigate whether other ROS are also involved in the activation of SMCE, human platelets were treated with mannitol and trolox, two widely used scavengers of hydroxyl radicals and peroxynitrite, respectively. As shown in Fig. 7 , preincubation of human platelets for 10 min with mannitol (5 mM) or trolox (1 mM) reduced TG ϩ Iono-induced SMCE only by 9.4 Ϯ 0.9 and 12.5 Ϯ 2.8%, respectively (n ϭ 7-8), suggesting that hydroxyl radicals and peroxinitrite are not very relevant for the activation of SMCE in human platelets.
Effect of Catalase on the Maintenance of SMCE-To investigate the role of the H 2 O 2 generation in the maintenance of SMCE we examined the effect of catalase on Ca 2ϩ entry in platelets after SMCE had been previously stimulated using TG ϩ Iono or thrombin. Fig. 8 shows the effect of the addition of catalase to store-depleted human platelets. 300 units/ml catalase or the vehicle were added 5 min after TG ϩ Iono or thrombin, and cells were then incubated for a further 10 min before the addition of Ca 2ϩ to the medium (final concentration 500 M) to initiate Ca 2ϩ entry. As shown in Fig. 6 , A and B, at the time when catalase was added Ca 2ϩ entry was already stimulated. Addition of catalase after the activation of SMCE did not significantly alter the maintenance of Ca 2ϩ entry stimulated either by TG ϩ Iono or thrombin ( Fig. 8 ; p ϭ 0.77 and 0.86, respectively; n ϭ 9). These observations suggest a role for the H 2 O 2 generation in the activation but not in the maintenance of SMCE, as we have previously shown for pp60 src (6, 10 have previously reported that pp60 src activity is required for the activation of SMCE (6, 10). Hence, we have further investigated whether the tyrosine kinase pp60 src mediates the role of H 2 O 2 in SMCE. To examine this possibility we studied the effect of catalase alone and in combination with PP1, a potent and selective inhibitor of Src family proteins (42) . As shown in Fig. 10A , the combination of catalase and PP1 significantly decreased TG ϩ Iono-induced SMCE by 50% (p Ͻ 0.01; n ϭ 5). Similar results that those obtained with catalase or PP1 alone. The absence of an additive effect indicates that H 2 O 2 -mediated SMCE requires the activation of pp60 src . 3 Receptor Type II-We have reported that depletion of the intracellular Ca 2ϩ stores using TG ϩ Iono or the physiological agonist thrombin stimulates coupling between endogenously expressed hTrp1 and the IP 3 R type II in human platelets independently of rises in [Ca 2ϩ ] i , a process that might explain SMCE in these cells (9, 43) . Hence we have investigated the effect of catalase and PP1, which have been shown to reduce SMCE, on the coupling between hTrp1 and IP 3 R type II. As previously observed using immunoprecipitation experiments (9) no coupling was found in resting cells while it was clearly detectable after store depletion using TG ϩ Iono. As shown in Fig. 10B , treatment of human platelets for 10 min with 300 units/ml catalase or for 30 min with 10 M PP1 reduce the coupling between hTrp1 and IP 3 R type II by 68 and 62%, respectively (p Ͻ 0.01; n ϭ 4). In addition, consistent with the results shown above, treatment of platelets with a combination of catalase and PP1 reported similar results than those found with the agents alone. After treatment with catalase plus PP1 the coupling between hTrp1 and IP 3 R type II was reduced by 67% ( Fig. 10B ; p Ͻ 0.01; n ϭ 4).
Treatment of Platelets with Catalase and/or PP1 Reduce the Coupling between hTrp1 and IP
Effect of PKC Inhibition on SMCE in Human PlateletsSince pp60
src activation by H 2 O 2 , a pathway involved in the initiation of SMCE as shown above, requires the PKC activity we have further investigated whether PKC inhibition affects SMCE. Human platelets were incubated at 37°C for 30 min with 5 M GF 109203X or for 5 min with 3 M Ro-31-8220, two widely used PKC inhibitors. Cells were then stimulated with TG (1 M) plus Iono (50 nM) in a Ca 2ϩ -free medium and 5 min later Ca 2ϩ (500 M) was added to the external medium to initiate Ca 2ϩ entry. As shown in Fig. 11 , inhibition of PKC by GF 109203X or R0 -31-8220 reduced SMCE by 46.9 and 52.4%, respectively (p Ͻ 0.01; n ϭ 6), without affecting Ca 2ϩ release from the stores.
DISCUSSION
The tyrosine kinase protein pp60
src is considered to act as a molecular switch that modulates a wide range of cellular mechanisms, such as cell adhesion (44), morphology changes (45), and ion channel function (46, 47) . In addition, pp60
src is a point of convergence of multiple cellular signaling pathways because it is activated by a broad range of biochemical signals. Several members of the Src family have been described in platelets. Among them, pp60 src is the most abundant and other members, such as pp55 fgr , pp56 lck , pp59 fyn , pp62 yes , pp56 lyn , and pp59/ 56
hck , are present at a significantly lower level than pp60 src (40, 48) . Recent studies have reported the involvement of pp60 src in oxidative stress-mediated effects, such as the activation of PKB or PLC␥ (49, 50) . Phosphorylation of pp60 src by high H 2 O 2 concentrations has been suggested in different cell types (51, 22) ; however, its relevance in pp60 src activation is controversial. Gonzá lez-Rubio et al. (51) found that H 2 O 2 -induced pp60 src phosphorylation of tyrosine 517 is associated with an inhibition of the kinase, while Abe et al. (22) found basically the opposite results. The results presented here demonstrate that physiologically relevant concentrations of H 2 O 2 induced pp60 src activation in human platelets. Among the cellular effects of H 2 O 2 , the modulation of actin cytoskeleton structure, activation of PKC and changes in [Ca 2ϩ ] i have been presented to be relevant in different cell types (18, 19, 29) src associates with the actin cytoskeleton upon activation in platelets and pancreatic acinar cells (6, 10) . In agreement with these results, we have now shown that low H 2 O 2 concentrations stimulate actin polymerization and that this event is required for the activation of pp60 src in human platelets. The physiological relevance of the activation of pp60 src by H 2 O 2 remains to be elucidated. ROS generation has been shown to be involved in agonist-induced Ca 2ϩ mobilization in platelets (19) . In addition, the involvement of pp60 src in the activation of SMCE in non-excitable cells, including human platelets, has been recently reported (6, 10, 13) . Our results indicate that treatment of platelets with the calcium-mobilizing physiological agonist thrombin induced H 2 O 2 production. This is based on the increase in DCF fluorescence, which was prevented by treatment with catalase. The effect of thrombin was reduced by treatment with 2-APB, suggesting that Ca 2ϩ release from the agonist-sensitive stores is partially required for H 2 O 2 production. We further investigated whether Ca 2ϩ store depletion itself, the event that initiates SMCE, is able to induce H 2 O 2 production. As with thrombin, extensive depletion of the Ca (56) . Consistent with this study, we have recently reported that treatment with PKC activators induced a time-dependent inhibition of SMCE in platelets (57) . In addition, the requirement of PKC activity for the initiation of SMCE presented here further confirm the studies of Petersen and Berridge (56) . These findings suggest that PKC plays a dual role in SMCE: initially, the PKC activity is required for the activation of SMCE but prolonged activation of this protein abolishes Ca 2ϩ entry. We have previously shown that the activation and maintenance of SMCE are mediated by different mechanisms in platelets (6, 10) . Since the H 2 O 2 generation is required for the activation of SMCE we have also examined its possible role in the maintenance of this process. Addition of catalase to platelet suspensions once SMCE had been activated did not reverse either thrombin-or TG ϩ Iono-induced Ca 2ϩ entry, suggesting that H 2 O 2 production after platelet activation with these agents is not required for the maintenance of SMCE. The lack of effect of the addition of catalase after the activation of SMCE indicates that the effect of this enzyme is unlikely to be mediated by nonspecific effects as a src activation are independent mechanisms. The results obtained after the pretreatment of human platelets with the inhibitor of pp60 src activity, PP1, in combination with catalase, confirmed that the role of agonistinduced H 2 O 2 generation in SMCE is mediated by the activation of pp60 src . We have recently reported that pp60 src activation requires a functional actin network suggesting that association with the cytoskeletal fraction after store depletion or treatment with agonists is required for p60 src activation in non-excitable cells (6, 10) . Consistent with this, we have found that treatment of platelets with low concentrations of H 2 O 2 , which, in turn, activates pp60 src , increases the actin filament content in these cells. In addition, inhibition of actin polymerization with Cyt D prevented H 2 O 2 -induced pp60 src activation. These observations suggest that low H 2 O 2 concentrations induce the polymerization of actin filaments that provide support for the PKC-dependent pp60 src activation. H 2 O 2 production and the subsequent activation of pp60 src are also required for the coupling between naturally expressed hTrp1 and the IP 3 R type II in human platelets. As previously reported (58) , the remarkable correlation between the characteristics of the coupling between hTrp1 and the IP 3 R type II and the activation of SMCE strongly suggests that coupling between hTrp1 and IP 3 R type II underlie the activation of SMCE in human platelets.
In previous studies we have demonstrated that H 2 O 2 is able to increase [Ca 2ϩ ] i in human platelets (30) . Similar effects have also been observed in a variety of cells such as smooth and skeletal muscle cells (59, 60) , endothelial cells (61), blood mononuclear cells (62) , pancreatic ␤-cells (52) , and acinar cells (29 entry. In addition, we have found that addition of physiological concentrations of H 2 O 2 to platelet suspensions had no significant effect on TG ϩ Iono-induced SMCE; however, exposure of platelets to high concentrations of H 2 O 2 had inhibitory effects on the activation and maintenance of SMCE.
In conclusion, our results suggest that Ca 2ϩ store depletion, induced by TG ϩ Iono or by the physiological agonist thrombin, stimulates the production of H 2 O 2 in the micromolar range in human platelets. Generated H 2 O 2 stimulates actin filament polymerization and subsequently the activation of pp60 src by a PKC-dependent mechanism, which are required for the coupling between naturally expressed hTrp1 and IP 3 R type II and subsequent activation but not the maintenance of SMCE in these cells. Therefore, our findings suggest a key role for H 2 O 2 production in the activation of SMCE in human platelets.
